Introduction {#s01}
============

Cancers use several immune inhibitory mechanisms including decreased expression of relevant antigens and major histocompatibility complex-class I molecules resulting in the failure of CD8^+^ T cells to recognize cancer cells, increased expression of various immunosuppressive molecules, and induction/recruitment of immunosuppressive cells (e.g., myeloid-derived suppressor cells, tumor-associated macrophages, and regulatory T cells), impairing the development of antitumor immune responses ([@bib30]; [@bib5]). Full engagement of antitumor immune responses could enable the host to regain control of tumor growth. Cancer immunotherapy in the form of immune checkpoint blockade (ICB), including anti--cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) antibody (Ab) and anti--programmed cell death 1 (PD-1) Ab, reactivates cytotoxic T cells and facilitates killing of cancer cells, providing significant clinical efficacy across various types of cancer, even in patients with advanced disease ([@bib19]; [@bib27]).

CTLA-4 down-regulates costimulatory immune signaling and delivers an inhibitory signal during immune responses ([@bib22]; [@bib7]). CTLA-4 is expressed by activated T cells and regulatory T cells. It is up-regulated after TCR stimulation and is known to suppress a broad range of immune responses ([@bib38]). Blockade of CTLA-4 action by mAb augments effector T cell responses, resulting in T cell--mediated tumor rejection in preclinical mouse models and human cancer patients ([@bib22]; [@bib13]). PD-1 is also a negative immune modulator that inhibits both TCR and costimulatory signals and is expressed following activation of T cells ([@bib9]; [@bib15]; [@bib18]). While the expression of PD-1 is rapidly down-regulated after acute antigen stimulation, chronic stimulation (such as viral infections and malignancies) induces high PD-1 expression ([@bib37]). PD-1 blockade elicits strong antitumor T cell responses and is widely used a variety of cancers ([@bib19]; [@bib27]; [@bib18]).

Since immune checkpoint molecules are also involved in self-tolerance and maintenance of immune homeostasis, ICB can potentiate immune responses against self-antigens and cause a spectrum of symptoms reminiscent of autoimmune disorders ([@bib17]). Treatment with anti--CTLA-4 or anti--PD-1 mAb is therefore complicated by concomitant immune-related adverse events (irAEs), including skin rash, gastrointestinal inflammation, and hypophysitis ([@bib13]; [@bib4]; [@bib17]). Management of irAEs often requires immunosuppressive drugs such as corticosteroids, but these medications have the potential to suppress antitumor immune responses elicited by ICB. Reassuringly, clinical experience to date has not revealed an obvious deleterious effect of immune suppression for irAE treatment on the clinical activity of ICB ([@bib14]). Therefore, detailed mechanisms of immune suppression by corticosteroids need to be clarified in order to better understand this apparent uncoupling of tumor immunity from autoimmunity. Deeper insight into these mechanisms could improve irAE management with corticosteroids, especially as new immunotherapy agents and combinations emerge in the clinic that have the potential additional or novel irAEs ([@bib39]).

In this study, we address the challenge of using immunosuppressive drugs for the treatment of irAEs induced by ICB. Dosage and timing of corticosteroids are key mediators of the antitumor efficacy of ICB. Therefore, clinicians should use corticosteroids carefully and thoughtfully when treating irAEs in order to balance toxicity management with clinical benefit from ICB.

Results and discussion {#s02}
======================

We first investigated the impact of corticosteroids on antitumor immune responses elicited by CTLA-4 blockade using animal models. BALB/c mice were inoculated with CMS5a with stable expression of a model tumor neoantigen NY-ESO-1 (CMS5a-NY-ESO-1; [@bib26]) and treated with anti-CTLA-4 mAb ([Fig. 1 A](#fig1){ref-type="fig"}). CTLA-4 blockade induced complete tumor regression in \>90% of mice ([Fig. 1, B and C](#fig1){ref-type="fig"}). Methylprednisolone was administered beginning on the same day as anti--CTLA-4 mAb treatment as in [Fig. 1 A](#fig1){ref-type="fig"}, because in some patients with symptomatic brain tumors, such as those with glioblastoma and malignant melanoma, corticosteroids are required to be given concurrently with ICB. Dosing of corticosteroids was selected based on human equivalent dose; low-dose corticosteroids was 20 µg per mouse (0.7--1 µg/g) and high-dose corticosteroids was 2,000 µg per mouse (67--110 µg/g), which is thought to represent a pulse steroid dose ([@bib8]). Early administration of corticosteroids induced a dose-dependent reduction in NY-ESO-1--specific CD8^+^ T cells in tumors treated with anti--CTLA-4 mAb; CMS5a-NY-ESO-1 tumor progression was not controlled in 40% of mice treated with corticosteroids and anti--CTLA-4 mAb ([Fig. 1, B--D](#fig1){ref-type="fig"}), consistent with a previous report of impaired T cell activation by corticosteroids ([@bib24]). Ki-67 expression by NY-ESO-1--specific CD8^+^ T cells was decreased by corticosteroids in a dose-dependent manner (Fig. S1 A), though PD-1/Tim-3 expression (Fig. S1 B) and IFN-γ/TNF-α production (Fig. S1 C) were not changed, indicating that corticosteroids mainly inhibited the proliferation of antigen-specific CD8^+^ T cells, but effector functions remained intact. In the clinical setting, irAEs are sometimes accompanied by tumor regression. To reflect this, corticosteroids were injected after tumors started regressing in response to CTLA-4 blockade ([Fig. 1 E](#fig1){ref-type="fig"}). In this setting, neither low- nor high-dose corticosteroid administration reduced antitumor activity by anti--CTLA-4 mAb ([Fig. 1, F and G](#fig1){ref-type="fig"}), indicating that late administration of corticosteroids has limited influence on efficacy of this therapy. Similar results were observed in another tumor model, CT26 with stable expression of NY-ESO-1 (CT26-NY-ESO-1; Fig. S1, D and E) and with anti--PD-L1 mAb as an alternative ICB ([Fig. 2, A--F](#fig2){ref-type="fig"}).

![**Early corticosteroid treatment reduces antitumor activity by anti--CTLA-4 mAb in a dose-dependent fashion. (A--C)** Experimental schema (A) and tumor growth curves (B: mean, C: individual mice) of early corticosteroid treatment. BALB/c mice were inoculated with CMS5a-NY-ESO-1 and injected with anti--CTLA-4 mAb on days 3, 6, and 9 after tumor inoculation. Corticosteroid administration was started on the same day with anti--CTLA-4 mAb (*n* = 5--11). **(D)** Representative flow cytometric analysis (left) and summary (right) of NY-ESO-1-tetramer^+^CD8^+^ T cells in CMS5a-NY-ESO-1 tumors at 10 d after tumor inoculation (*n* = 8). L, low dose; H, high dose. **(E--G)** Experimental schema (E) and tumor growth curves (F: mean; G: individual mice) of late corticosteroid treatment. BALB/c mice were inoculated with CMS5a-NY-ESO-1 and injected with anti--CTLA-4 mAb on days 3, 6, and 9 after tumor inoculation. Corticosteroid administration was started on day 17 (*n* = 5--7). Data in B and F are mean + SE. Statistical analysis by Dunnett's test; \*, P \< 0.05; \*\*\*, P \< 0.001. These experiments were performed independently three times with similar results.](JEM_20190738_Fig1){#fig1}

![**Early corticosteroid treatment reduces antitumor activity by anti--PD-L1 mAb. (A--C)** Experimental schema (A) and tumor growth curves (B: mean; C: individual mice) of early corticosteroid treatment. BALB/c mice were inoculated with CT26-NY-ESO-1 and injected with anti--PD-L1 mAb on days 3, 6, and 9 after tumor inoculation. Corticosteroid administration was started on the same day of anti--PD-L1 mAb (*n* = 5--10). **(D--F)** Experimental schema (D) and tumor growth curves (E: mean; F: individual mice) of late corticosteroid treatment. BALB/c mice were inoculated with CT26-NY-ESO-1 and injected with anti--PD-L1 mAb on days 3, 6, and 9 after tumor inoculation. Corticosteroid administration was started on day 17 (*n* = 5 or 6). Data in B and E are mean + SE. Statistical analysis by Student's *t* test; \*, P \< 0.05. These experiments were performed independently three times with similar results.](JEM_20190738_Fig2){#fig2}

In mice treated with early corticosteroids, even at a low dose, some animals experienced regrowth of the tumor after initial tumor regression ([Fig. 1 C](#fig1){ref-type="fig"}). Although not frequent enough to achieve statistical significance, this observation suggests that early corticosteroids may inhibit memory CD8^+^ T cells that are involved in durable antitumor responses ([@bib3]). We then asked whether memory T cell differentiation was influenced by corticosteroids. Mice that had completely eradicated the initial tumors after anti--CTLA-4 mAb with or without early corticosteroid treatment ([Fig. 1 C](#fig1){ref-type="fig"}) were secondarily challenged with CMS5a-NY-ESO-1 cells (right hind flank) and parental CMS5a cells (left hind flank; [Fig. 3 A](#fig3){ref-type="fig"}). Almost all mice rejected the CMS5a-NY-ESO-1 cells regardless of corticosteroid treatment ([Fig. 3 B](#fig3){ref-type="fig"}). The growth of parental CMS5a was delayed in anti--CTLA-4 mAb-treated mice, but this tumor growth inhibition was abrogated in mice treated with both low- and high-dose corticosteroids ([Fig. 3 C](#fig3){ref-type="fig"}), indicating the possible inhibition of memory T cells recognizing nondominant antigens. Similar results were observed in the CT26-NY-ESO-1 model (Fig. S1 F) and with anti--PD-L1 mAb treatment (Fig. S1 G).

![**Early corticosteroid treatment impairs low-affinity memory T cell differentiation. (A--C)** Experimental schema (A) and tumor growth curves (B: CMS5a-NY-ESO-1; C: CMS5a) of rechallenge to early corticosteroid-treated mice. CMS5a-NY-ESO-1--bearing mice were treated as in [Fig. 1 A](#fig1){ref-type="fig"}. Mice that had completely rejected the initial tumors were collected and secondarily inoculated with CMS5a-NY-ESO-1 and parental CMS5a (day 39). Control naive mice were injected with the same tumors (*n* = 5--10). **(D)** Gating strategy for flow-cytometric analysis of MPECs population in high-affinity (NY-ESO-1-tetramer^+^) and low-affinity (NY-ESO-1-tetramer^−^) CD8^+^ T cells at 10 d after tumor inoculation. **(E and F)** Percentages of MPECs in high- (E) and low-affinity (F) CD8^+^ T cells (*n* = 5). L, low dose; H, high dose. **(G)** Expression of maturation markers on DCs (CD11c^+^MHC class II^+^CD8α^+^) in tumor-draining lymph nodes 10 d after tumor inoculation (*n* = 3). MFI, mean fluorescence intensity. **(H)** Cytokine production (IL-12p70) by DCs. DCs from draining lymph nodes in CMS5a-NY-ESO-1--bearing mice were stimulated with LPS overnight. Cytokine production was measured by ELISA (*n* = 3 or 4). Data in B, C, and H are mean + SE. Statistical analysis by Dunnett's test; \*, P \< 0.05. These experiments were performed independently three times with similar results.](JEM_20190738_Fig3){#fig3}

Since memory precursor effector cells (MPECs) generate long-lived CD8^+^ memory T cells ([@bib16]), we analyzed the proportion of MPECs in tumor tissues. These cells reportedly express high levels of CD127 and low levels of KLRG1. When anti--CTLA-4 mAb and corticosteroids were administered as in [Fig. 1 A](#fig1){ref-type="fig"}, activated CD8^+^CD69^+^ T cells in CMS5a-NY-ESO-1 tumorswere separated into NY-ESO-1-tetramer^+^ and NY-ESO-1-tetramer^−^ populations ([Fig. 3 D](#fig3){ref-type="fig"}). The TCR repertoires of NY-ESO-1-tetramer^−^CD8^+^CD69^+^ T cells in CMS5a-NY-ESO-1 tumors were comparable with those of CD8^+^CD69^+^ T cells infiltrating into parental CMS5a tumors (Fig. S2, A and B), confirming that this NY-ESO-1-tetramer^−^CD8^+^CD69^+^ T cell fraction included effector CD8^+^ T cells responding to antigens presented by parental CMS5a cells. Moreover, higher expression of T-bet was observed in the NY-ESO-1-tetramer^+^CD69^+^ population compared with the NY-ESO-1-tetramer^−^CD69^+^ population (Fig. S2 C), indicating that the NY-ESO-1-tetramer^+^CD69^+^ population had higher affinity TCRs than the NY-ESO-1-tetramer^−^CD69^+^ population, given that T-bet expression reportedly increases depending on TCR affinity ([@bib21]). To further confirm the differences in TCR affinity of NY-ESO-1--specific CD8^+^ T cells and CD8^+^ T cells specific for internal tumor antigens of CMS5a cells, we performed a comparative analysis of the levels of phosphorylated TCR signaling molecules (ZAP-70 and ERK1/2) and IFN-γ production. CMS5a tumors reportedly have an internal tumor antigen (CMS5a-intAg) recognized by T cells with the highest immunogenicity ([@bib11]). Mice were immunized with NY-ESO-1 peptide (RGPESRLL) or CMS5a-intAg peptide (QYIHSANVL), and NY-ESO-1--specific or CMS5a-intAg--specific CD8^+^ T cells were prepared from local draining lymph nodes. The levels of p-ZAP-70, p-ERK1/2, and IFN-γ production in NY-ESO-1--specific CD8^+^ T cells were significantly higher than those in CMS5a-intAg--specific CD8^+^ T cells (Fig. S2, D and E). In IFN-γ production by ELISPOT assay, a model tumor neoantigen NY-ESO-1 provided a far stronger TCR signal than any intrinsic CMS5a antigens (Fig. S2 F). Together, the model tumor neoantigen NY-ESO-1--specific (NY-ESO-1-tetramer^+^CD8^+^CD69^+^) and non-NY-ESO-1 reactive (NY-ESO-1-tetramer^−^CD8^+^CD69^+^) T cells could be used to represent high-affinity foreign-derived and low-affinity self-derived antigen-specific T cells, respectively. Whereas MPECs in high-affinity CD8^+^ T cells in CMS5a-NY-ESO-1 tumors were not affected by corticosteroids, the proportion of MPECs in low-affinity CD8^+^ T cells was significantly decreased ([Fig. 3, E and F](#fig3){ref-type="fig"}), suggesting selective suppression of memory T cells depending on TCR affinity. While a model in which T cells are unresponsive to corticosteroids may be useful to reveal the effect of corticosteroids, glucocorticoid-receptor antisense transgenic mice have abnormal thymic development of T cells ([@bib1]; [@bib24]) and may not be suitable for investigation of memory T cell generation. Therefore, we chose to study detailed mechanism(s) via comprehensively exploring actual T cell responses in wild-type mice.

We then investigated the possibility of corticosteroid mediating immune suppression via effects on dendritic cell (DC) maturation. CD8α^+^ DCs present exogenous antigens to CD8^+^ T cells by cross presentation, eliciting CD8^+^ T cell activation and memory T cell differentiation ([@bib12]; [@bib32]). Additionally, human tumor-associated and tumor-draining lymph node DCs and macrophages highly express PD-L1 and suppress antitumor immunity ([@bib6]; [@bib23]). Expression of maturation markers of CD8α^+^ DCs was not altered by corticosteroids ([Fig. 3 G](#fig3){ref-type="fig"}). In addition, production of cytokines such as IL-12p70 was not changed by corticosteroids ([Fig. 3 H](#fig3){ref-type="fig"}), indicating that corticosteroids likely inhibit memory T cell generation directly, rather than by inhibiting DC maturation and function.

To address the differential sensitivity of T cells to corticosteroids depending on their TCR affinity, we employed OT-I TCR transgenic CD8^+^ T cells in which graded TCR signaling can be delivered with different peptides such as the high-affinity peptide SIINFEKL (N4) or the low-affinity peptide SIYNFEKL (Y3; [@bib41]). OT-I cells stimulated with N4 or Y3 were treated with various concentrations of corticosteroids in vitro, and the proportion of OVA-specific CD8^+^ T cells was determined. Activation of OVA-specific CD8^+^ T cells was impaired by adding corticosteroids in a dose-dependent manner, particularly in OT-I cells stimulated with Y3 ([Fig. 4 A](#fig4){ref-type="fig"}), indicating that low-affinity T cells were more sensitive to corticosteroids.

![**Corticosteroids compromise FAO in low-affinity but not high-affinity memory T cells. (A)** Relative frequency of OVA tetramer^+^ cells. OT-I cells were stimulated with N4 (high-affinity) or Y3 (low-affinity) peptide, and treated with various concentrations of corticosteroids in vitro. Frequency of OVA tetramer^+^CD8^+^ T cells on day 7 was determined. The graph shows the percentage of OVA tetramer^+^ cells in CD8^+^ T cells in comparison with the control culture without corticosteroids (*n* = 3). **(B)** Quantitative analysis of TCR signaling. OT-I cells were stimulated with various concentrations of N4 or Y3 peptide for 3 h. Phosphorylation of ZAP-70 (left), ERK1/2 (middle), and JNK (right) was determined by flow cytometry (*n* = 5). MFI, mean fluorescence intensity. **(C)** Phosphorylation of GR. OT-I cells were stimulated with various concentrations of N4 or Y3 peptide for 3 h. Phosphorylation of GR was determined by flow cytometry (*n* = 5). **(D)** GSEA of fatty acid metabolism-related genes in Y3 stimulated OT-I cells relative to those treated with corticosteroids. **(E)** Heat map of expression of FAO-related genes. OT-I cells were stimulated with Y3 peptide and treated with corticosteroids in vitro for 4 d. mRNA expression was examined with microarray. **(F)** OCR of peptide-stimulated OT-I cells with etomoxir. OT-I cells were stimulated with N4 or Y3 peptide, and treated with various concentrations of corticosteroids in vitro for 4 d. FAO was determined with etomoxir by measuring OCR using extracellular flux analyzer (*n* = 5). **(G)** FAO-related mRNA expression in high- or low-affinity CD8^+^ T cells in CMS5a-NY-ESO-1 tumors at 10 d after tumor inoculation (*n* = 3). **(H)** FAO-associated mitochondrial membrane potential in high- or low-affinity CD8^+^ T cells in CMS5a-NY-ESO-1 tumors at 10 d after tumor inoculation (*n* = 4). Data in A--C and F--H are mean ± SD. Statistical analysis by Student's *t* test; \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. These experiments were performed independently three times with similar results.](JEM_20190738_Fig4){#fig4}

Corticosteroids cause immune suppression in part by nuclear translocation of the glucocorticoid receptor (GR; [@bib2]). The GR is phosphorylated by the MAPK pathway via ERK1/2 and JNK, and this phosphorylation attenuates nuclear translocation of the GR after engaging corticosteroids and regulation of transcription of target genes ([@bib2]). Therefore, corticosteroid activity is partially dependent on MAPK activation status. Phosphorylation levels of ZAP-70, ERK1/2, and JNK were higher in N4-primed OT-I cells compared with Y3-primed cells, in accordance with their TCR affinity ([Fig. 4 B](#fig4){ref-type="fig"}), indicating that the N4 (high-affinity) peptide provided far stronger TCR signals compared with the Y3 (low-affinity) peptide. Antigen abundance did not have the same effect on phosphorylation levels, as levels of phosphorylated ZAP-70, ERK1/2, and JNK plateaued in \>1 nmol/liter peptide ([Fig. 4 B](#fig4){ref-type="fig"}). Accordingly, GR in N4-primed OT-I cells also were highly phosphorylated compared with that in Y3-primed OT-I cells ([Fig. 4 C](#fig4){ref-type="fig"}). As corticosteroid sensitivity seemed to be proportional to the strength of TCR signaling, we employed an anti-CD3 mAb to explore the generalizability of this phenomenon. When naive CD8^+^ T cells were stimulated with titrated doses of anti-CD3 mAb, higher levels of phosphorylated ERK1/2, JNK, and GR were observed proportional to the dose of anti-CD3 mAb (Fig. S3, A and B). Further, the phosphorylation level of GR was also significantly higher in NY-ESO-1--specific CD8^+^ T cells than CMS5a-intAg--specific CD8^+^ T cells in the peptide-immunized mouse model (Fig. S3 C). Together, these findings suggest that low-affinity T cells are more sensitive to corticosteroids than high-affinity T cells due to their lower phosphorylation of GR.

To further gain insight into the mechanism(s) underlying selective inhibition of low-affinity T cells by corticosteroids, we examined the target genes for corticosteroids by investigating gene expression in OT-I cells stimulated with N4 or Y3 peptide with or without corticosteroids. Gene-set enrichment analysis (GSEA) revealed significant enrichment of genes involved in fatty acid metabolism in corticosteroid-untreated Y3- but not in N4-primed OT-I cells, compared with comparable cells treated with corticosteroid ([Fig. 4 D](#fig4){ref-type="fig"} and Fig. S3 D), while other signature sets of genes were not significantly changed, indicating that fatty acid metabolism was down-regulated only in corticosteroid-treated low-affinity T cells. Because fatty acid oxidation (FAO) is essential for CD8^+^ memory T cell development ([@bib28]; [@bib34]), we focused on the effect of corticosteroids on FAO. Y3-primed OT-I cells treated with corticosteroids had less expression of FAO-regulated genes than control Y3-primed OT-I cells, but this was not the case in N4-primed cells ([Fig. 4 E](#fig4){ref-type="fig"}; and Fig. S3, E and F). Similar results were also observed with CD8^+^ T cells treated with high- and low-dose anti-CD3 mAb (Fig. S3 G).

FAO can be assessed by cellular oxygen consumption after adding an inhibitor of CPT1a, which transports long chain fatty acids into mitochondria and is the rate-limiting enzyme of FAO ([@bib34]). Consistent with low expression of FAO-regulated genes, FAO was significantly impaired by corticosteroids in Y3-primed OT-I cells and low-dose anti-CD3 mAb-stimulated CD8^+^ T cells, but not in N4-primed or high-dose anti-CD3 mAb-stimulated cells ([Fig. 4 F](#fig4){ref-type="fig"} and Fig. S3 H). We further examined whether corticosteroid administration suppressed FAO-regulated gene expression in low-affinity T cells in vivo. In accordance with the in vitro data, low-affinity but not high-affinity T cells in CMS5a-NY-ESO-1 tumors treated with corticosteroids also showed markedly less FAO-regulated gene expression and decreased mitochondrial function associated with FAO ([Fig. 4, G and H](#fig4){ref-type="fig"}). Thus, corticosteroids suppressed FAO in low-affinity T cells due to their lower levels of phosphorylated GR, resulting in impaired memory T cell differentiation. Since FAO-regulated genes reportedly are not direct targets of GR, corticosteroids may control these genes indirectly through regulating other transcription factors such as CCAAT/enhancer binding protein β; expression of this transcription factor is repressed by activated GR and regulates FAO ([@bib36], [@bib35]; [@bib20]; [@bib29]). Yet it is controversial whether FAO is essential for memory T cell development, as a recent study showed that CPT1a deletion did not affect memory T cell development ([@bib31]). Genetic depletion of CPT1a may induce the activation of alternative pathway not generally used because of the critical role of FAO in memory T cell generation. Future studies focused on the relationship between FAO and memory T cell development are warranted.

To examine the influence of corticosteroids on the clinical activity of ICB in cancer patients, we analyzed 86 patients with malignant melanoma who were treated with the anti--CTLA-4 mAb ipilimumab ([Fig. 5 A](#fig5){ref-type="fig"}). When the timing of corticosteroid administration was considered, overall survival (OS) was slightly shorter in patients who received corticosteroids within the first 7 wk of ipilimumab treatment than in patients who did not receive corticosteroids ([Fig. 5 B](#fig5){ref-type="fig"}). When the data were analyzed by which patients received corticosteroids in the first 16 wk of ipilimumab treatment, slightly longer, though not significant, OS was seen compared with patients who did not receive corticosteroids ([Fig. 5 B](#fig5){ref-type="fig"}). This suggests that late corticosteroid treatment may be associated with a better therapeutic outcome than early treatment.

![**Low-mutation burden and early corticosteroid administration in patients treated with anti--CTLA-4 mAb are associated with poor prognosis. (A)** Kaplan--Meier curve for OS of 86 malignant melanoma patients treated with anti--CTLA-4 mAb. **(B)** Kaplan--Meier curves for OS by corticosteroid treatment; 7 wk (used steroids, *n* = 23, did not use steroids, *n* = 62, right) and 16 wk (used steroids, *n* = 38, did not use steroids, *n* = 42, left). **(C--E)** Kaplan--Meier curves for OS of corticosteroid-treated patients, classified on the basis of high (\>22 mutations)/low (≤ 22 mutations)--mutation burdens determined by MSK-IMPACT, a next-generation sequencing technique that can identify alterations in 468 cancer-associated genes, to identify tumor mutation burden (C); any corticosteroid administration to patients with high-/low-mutation burdens (high-mutation/used corticosteroids, *n* = 15, high-mutation/not used corticosteroids, *n* = 10, low-mutation/used corticosteroids, *n* = 22, low-mutation/not used corticosteroids, *n* = 21; D), and early (≤7 wk)/late (\>7 wk) corticosteroid administration to patients with high-/low-mutation burdens (high-mutation/early, *n* = 8, high-mutation/late, *n* = 7, low-mutation/early, *n* = 12, low-mutation/late, *n* = 10; E). **(F)** Representative computed tomography scans of early corticosteroid-treated patient with low-mutation burden before (left) and 14 wk after anti--CTLA-4 mAb treatment with evidence of new and progressive pulmonary metastases (right). Scale bars, 50 mm. **(G)** Representative positron emission tomography images of late corticosteroid-treated patient with high-mutation burden before (left) and 134 wk after anti--CTLA-4 mAb treatment (right). Statistical analysis by log-rank test.](JEM_20190738_Fig5){#fig5}

Our preclinical data suggest that low-affinity memory T cells are more sensitive to corticosteroids than high-affinity memory T cells. CD8^+^ T cells that recognize immunogenic foreign antigens (such as neoantigens stemming from gene mutations in cancer cells) generally have a higher-affinity TCR than CD8^+^ T cells specific for self-antigens ([@bib40]). It follows that the CD8^+^ T cells that recognize mutational neoantigens could therefore be resistant to corticosteroids. Consequently, patients with tumors containing a high-mutation burden showed a significantly better prognosis compared with those with a low-mutation burden with bivariate Cox model (\>22 mutation burden, hazard ratio 0.21 \[95% CI 0.07--0.62\] P = 0.004; used steroids, hazard ratio 0.62 \[95% CI 0.31--1.28\] P = 0.20). We then performed subgroup analyses of patients treated with corticosteroids either early (≤7 wk) or late (\>7 wk) and those with high (\>22) vs. low (≤22) mutational burden, for whom information on mutation burden and clinical course were available. While no clinical impact of corticosteroid administration was observed in patients with segregated by high- or low-mutation burden, patients with a low-mutation burden who were treated with corticosteroids at an early time point had a significantly worse prognosis than patients who received corticosteroids later ([Fig. 5, C--F](#fig5){ref-type="fig"}). In contrast, no significant differences were observed between early and late corticosteroid treatment in patients with high-mutation burden ([Fig. 5, C--E and G](#fig5){ref-type="fig"}). Together, this implies that corticosteroid administration dampens the antitumor effects by anti--CTLA-4 mAb depending on the timing of corticosteroid administration and tumor mutation burden. We recognize that the modest size and uncontrolled nature of the clinical data from this single-institution dataset with long follow-up make this finding hypothesis-generating. Future studies with large patient cohorts treated with ICB and combinations are therefore warranted for confirmation.

Given that neoantigen-specific CD8^+^ T cells with high-affinity TCR are important for the antitumor effects of ICB, it is possible that corticosteroid administration could be optimized to control autoimmunity induced by self-antigen--specific CD8^+^ T cells that generally harbor low-affinity TCRs without affecting tumor neoantigen-specific high-affinity CD8^+^ T cells ([@bib40]). However, reduction of memory T cells by corticosteroids might inhibit objective and durable antitumor responses by ICB ([@bib3]). It is well known that tumor antigens are mainly classified into two categories, tumor-specific antigens including neoantigens and tumor-associated antigens including shared-antigens ([@bib33]). TCR generally engage with higher affinity to tumor-specific antigens than tumor-associated antigens ([@bib40]). One can speculate that corticosteroids have little effect on antitumor responses by ICB in cancer patients with a large number of neoantigens recognized by T cells with high-affinity TCR. On the other hand, when corticosteroids are required in cancer patients with few neoantigens, antitumor effects may be dampened. In fact, corticosteroid-treated patients harboring malignant melanomas with low-mutation burden had poorer outcomes than similar patients with high-mutation burden. Therefore, it is important to consider the potential impairment of memory T cells when administrating corticosteroids for irAEs. We assessed the effect of corticosteroids on T cells and APCs due to the critical roles of CD8^+^ T cells in the ICB-mediated antitumor response ([@bib19]). Yet as corticosteroids influence various cell types, additional studies are needed to better define other potential effects of corticosteroids.

In conclusion, we provide evidence that corticosteroids inhibit antitumor efficacy of ICB in a dose- and timing-dependent manner. Additionally, low- but not high-affinity memory T cells specific to self-antigens are dominantly suppressed by corticosteroids mainly by inhibition of FAO. Therefore, the type of tumor antigens recognized by T cells and neoantigen burden could be key factors regarding whether corticosteroid usage affects the antitumor response to ICB. Furthermore, well-timed usage of corticosteroids has the potential to selectively control autoimmunity without negatively impacting antitumor immunity. Additional clinical studies with large cohorts are warranted to determine the appropriate timing and dosage of corticosteroid treatment as well as other interventions for irAEs (e.g., TNF blockade, mycophenolate mofetil).

Materials and methods {#s03}
=====================

Cell line and mice {#s04}
------------------

CMS5a is a subcloned cell line obtained from CMS5, a 3-methylchoranthrene-induced sarcoma cell line of BALB/c origin. CMS5a-NY-ESO-1 is a cell line derived from CMS5a stably transfected with NY-ESO-1 ([@bib26]). CT26 is a colon epithelial tumor cell line derived by intrarectal injections of N-nitroso-N-methylurethane in BALB/c mice ([@bib10]). CT26-NY-ESO-1 is a cell line derived from CT26 stably transfected with NY-ESO-1 ([@bib25]). P1.HTR is a subline of P815 mastocytoma cell line of DBA/2 origin ([@bib26]). CMS5a, CMS5a-NY-ESO-1, CT26, CT26-NY-ESO-1, and P1.HTR were maintained in RPMI1640 supplemented with 10% FBS and 4 mmol/liter of L-glutamine. Female BALB/c mice and C57BL/6 mice were purchased from CLEA Japan and used at 6--10 wk of age. OT-I TCR transgenic mice were kindly provided by William R. Heath (University of Melbourne, Melbourne, Australia). All mice were maintained in a specific pathogen--free facility at the National Cancer Center (Tokyo/Chiba, Japan) and Nagoya University (Nagoya, Japan). The experimental protocol was approved by the Institutional Animal Experimental Committee at the National Cancer Center and Nagoya University.

Abs and reagents {#s05}
----------------

Purified anti-CD3ε (145-2C11) mAb, PerCP/Cy5.5-conjugated anti-CD3ε (145-2C11) mAb, Alexa Fluor 700--conjugated anti-CD3 (17A2) mAb, Alexa Fluor 488--conjugated anti-CD3 (17A2) mAb, Brilliant Violet 510 (BV510)--conjugated anti-CD8α (53--6.7) mAb, BV421-conjugated anti-KLRG1 (2F1/KLRG1) mAb, BV711-conjugated anti-CD127 (A7R34) mAb, PE-conjugated anti-CD69 (H1.2F3) mAb, PE-conjugated anti-phosphorylated ERK1/2 (6B8B69) mAb, BV421-conjugated anti-CD86 (GL-1) mAb, Alexa Fluor 488--conjugated anti-I-A/I-E (M5/114.15.2) mAb, Alexa Fluor 647--conjugated anti-F4/80 (BM8) mAb, PE/Cy7-conjugated anti-Ly-6G/Ly-6C (RB6-8C5) mAb, PerCP/Cy5.5-conjugated anti-CD40 (3/23) mAb, BV605-conjugated anti-CD11c (N418) mAb, BV421-conjugated anti--PD-1 (29F.1A12) mAb, PE-conjugated anti--Tim-3 (RMT3-23) mAb, and PE-conjugated anti-CD103 (2E7) mAb were purchased from BioLegend. PE-conjugated anti-phosphorylated ZAP-70 (17A/P-ZAP70) mAb, PE-conjugated anti-phosphorylated JNK (N9-66) mAb, PE-CF594--conjugated anti-CD80 (16-10A1) mAb, V500-conjugated anti-CD8α (53--6.7) mAb, PE-conjugated anti-TNF-α (MP6-XT22) mAb, and mouse TCR Vβ screening panel were purchased from BD Biosciences. FITC-conjugated anti-CD8 (KT15) mAb was obtained from MBL. eFluor 780--conjugated fixable dye, FITC-conjugated anti--IFN-γ (XMG1.2) mAb, and PE/Cy7--conjugated Ki-67 (SolA15) mAb were purchased from Thermo Fisher Scientific. Anti-phosphorylated GR polyclonal Ab was purchased from Merck Millipore. Anti-phosphorylated ERK1/2 (D13.14.4E) mAb, anti-ERK1/2 (137F5) mAb, anti-phosphorylated JNK (81E11) mAb, anti-JNK polyclonal Ab, and anti--β-actin polyclonal Ab were purchased from Cell Signaling Technology. OVA peptides, SIINFEKL (N4) and SIYNFEKL (Y3), were obtained from Eurofins Genomics. NY-ESO-1 peptide, RGPESRLL, and CMS5a-intAg peptide, QYIHSANVL, were obtained from Genscript. Methylprednisolone sodium succinate was purchased from Pfizer.

Ab labeling {#s06}
-----------

Anti-phosphorylated GR polyclonal Ab was labeled with Zenon Rabbit IgG Labeling Kits (Thermo Fisher Scientific) according to the manufacturer's instructions.

Tumor model {#s07}
-----------

Mice were inoculated subcutaneously with 2 × 10^6^ CMS5a-NY-ESO-1 cells or 10^6^ CT26-NY-ESO-1 cells in the right hind flank. Some mice then received intravenous injections of 100 µg of anti--CTLA-4 mAb (9D9) or 200 µg of anti--PD-L1 mAb (10F.9G2) with/without methylprednisolone at the indicated doses. In the secondary challenge experiments, 39 d after primary tumor challenge, tumor-free mice were rechallenged subcutaneously with 10^7^ CMS5a-NY-ESO-1 and parental CMS5a cells, or 5 × 10^6^ CT26-NY-ESO-1 and parental CT26 cells. Mice were monitored twice a week and were sacrificed when tumors were \>20 mm in diameter.

Surface marker and tetramer staining {#s08}
------------------------------------

After mechanical dissociation of tumors and spleens to prepare single-cell suspension, cells were stained with APC-labeled NY-ESO-1-tetramer or PE-labeled OVA-tetramer (TCMetrix) for 10 min at 37°C and further stained with various mAbs including CD3, CD8α, CD69, KLRG1, or CD127 and with fixable viability dye. After washing, cells were analyzed with an LSR Fortessa instrument (BD Biosciences) and FlowJo software (Treestar). The Abs were used according to the manufacturer's instructions.

DC staining {#s09}
-----------

After mechanical dissociation of tumor-draining lymph nodes, cells were stained with various mAbs including CD3, CD8α, CD11c, MHC class II, CD40, CD80, and CD86 and with fixable viability dye. After washing, cells were analyzed with an LSR Fortessa instrument and FlowJo software. The Abs were used according to the manufacturer's instructions.

ELISA {#s10}
-----

DCs from draining lymph nodes in CMS5a-NY-ESO-1--bearing mice at 10 d after tumor inoculation were purified by CD11c microbeads (Miltenyi Biotec) and were stimulated with LPS (1 µg/ml) overnight. Production of IL-12p70 in DC culture supernatants was measured by ELISA (R&D Systems) according to the manufacturer's instructions.

Stimulation of OT-I cells {#s11}
-------------------------

Splenocytes of OT-I mice were stimulated with 1 nmol/liter N4 or Y3 peptide. 3 h after stimulation, cells were fixed using intracellular (IC) fixation buffer (Thermo Fisher Scientific), permeabilized with methanol according to the manufacturer's instructions, and stained with mAbs specific for CD3, CD8, phosphorylated ZAP-70, phosphorylated ERK1/2, or phosphorylated JNK. Phosphorylation of TCR downstream molecules was determined by flow cytometry. 7 d after stimulation, OVA tetramer^+^ cells in CD8^+^ T cells were determined by flow cytometry.

Microarray analysis {#s12}
-------------------

Peptide-activated OT-I cells treated with/without corticosteroid were stained with OVA tetramer and sorted with a FACSAria Fusion (BD Biosciences). The purity was confirmed to be \>95%. Total RNA was isolated with the RNeasy Plus Mini Kit (Qiagen) and subjected to microarray analysis (Clariom D Assay, Mouse; Thermo Fisher Scientific). Obtained raw data were normalized by the robust multi-array average algorithm. Enriched pathways were determined using the GSEA tool available from the Broad Institute website. Hallmark gene sets were downloaded from the Molecular Signatures Database.

Extracellular flux analysis {#s13}
---------------------------

Oxygen consumption rate (OCR) was measured with XF96 extracellular flux analyzer (Seahorse Biosciences). XF96 plates were coated using CellTak (BD Biosciences). Peptide-activated OT-I cells treated with/without corticosteroid were seeded in XF Base Medium containing 1% FBS, 1 mmol/liter sodium pyruvate, 2 mmol/liter L-glutamine, and 10 mmol/liter glucose. The amount of FAO-associated OCR was determined by adding etomoxir (200 µM).

FAO-associated mitochondrial membrane potential assay {#s14}
-----------------------------------------------------

After T cells in tumors were prepared from CMS5a-NY-ESO-1--bearing mice, cells were incubated in PBS containing 500 mmol/liter etomoxir for 30 min at 37°C. After continuous incubation with 400 nmol/liter Tetramethylrhodamine Methyl Ester Perchlorate (TMRE) for 30 min at 37°C, cells were stained with NY-ESO-1-tetramer, anti-CD3 mAb, anti-CD8 mAb, and fixable viability dye. Then, cells were analyzed with a flow cytometry and FlowJo software. The rate of changes in TMRE-negative cells was calculated with or without etomoxir.

Quantitative real-time PCR {#s15}
--------------------------

High-affinity (NY-ESO-1-tetramer^+^) and low-affinity (NY-ESO-1-tetramer^−^) CD8^+^ T cells in tumors from CMS5a-NY-ESO-1--bearing mice were sorted with FACSAria Fusion. RNA was extracted using RNeasy Plus Mini Kit, and cDNA was synthesized using SuperScript VILO Master Mix (Thermo Fisher Scientific). Quantitative real-time PCR was performed with Taqman probe (Thermo Fisher Scientific) according to the manufacturer's instructions. Primers for *ACSL4*, *ACADS*, *ACADL*, *ECHS1*, and *HADH* were purchased from Applied Biosystems. 18S ribosomal RNA was used as an internal control.

Malignant melanoma patients and response assessment {#s16}
---------------------------------------------------

We retrospectively identified patients with advanced, unresectable, or metastatic melanoma who were treated with ipilimumab monotherapy at Memorial Sloan Kettering Cancer Center between 2010 and October 2017. Of the identified patients, we selected those whose tumors were tested by MSK-IMPACT, a next-generation sequencing technique that can identify alterations in 468 cancer-associated genes, to identify tumor mutation burden. Pharmacy data and clinic notes were reviewed to identify the date and dosage of corticosteroid administration, if applicable. The blood specimens and tumor samples were collected under Memorial Sloan Kettering Cancer Center Institutional Review Board protocols 00--144 and 06--107.

Immunization and T cell assays {#s17}
------------------------------

A total of 100 µg NY-ESO-1 peptide or CMS5a-intAg peptide with a combined adjuvant for synergistic activation of cellular immunity (CASAC) vaccine was injected subcutaneously in both flanks of mice at day 0 and day 9. CASAC vaccine was prepared using the CpG oligodeoxynucleotide 1826 (25 µg; Enzo Life Sciences), poly:IC (50 µg; Merck Millipore), IFN-γ (100 ng; Miltenyi Biotec), and anti-mouse CD40 mAb (25 µg; Biolegend) in Ribi adjuvant (100 µl, used as per the manufacturer's instructions; Merck Millipore). Draining lymph nodes from immunized mice were mechanically dissociated to prepare single-cell suspensions and subjected to staining of APC-labeled NY-ESO-1 or PE-labeled CMS5a-intAg dextramer (Immundex), anti-CD3 mAb, and anti-CD8 mAb. After washing, CD3^+^CD8^+^NY-ESO-1 or CMS5a-intAg dextramer--positive cells were sorted with a FACSAria III instrument (BD Biosciences). Sorted cells were cultured with P1.HTR cells pulsed with 1 nmol/liter NY-ESO-1 or CMS5a-intAg peptide with/without corticosteroids (25 ng/ml). 3 h after stimulation, cells were fixed using IC fixation buffer, permeabilized with methanol according to the manufacturer's instructions, and stained with Abs specific for CD3, CD8, phosphorylated ZAP-70, phosphorylated ERK1/2, or GR. Phosphorylation of these molecules was determined by flow cytometry.

Immunoblotting {#s18}
--------------

Splenic CD8^+^ T cells were isolated using a CD8^+^ T cell isolation kit (Miltenyi Biotec), and purity was confirmed to be \>95%. Purified CD8^+^ T cells were rested in RPMI 1640 containing 1% FBS for 30 min at 37°C. Cells were stimulated with titrated doses of anti-CD3ε mAb and followed by goat anti-Armenian hamster IgG cross-linking for 5 min at 37°C. After centrifugation, cells were lysed in NP-40 cell lysis buffer (Thermo Fisher Scientific) containing protease and phosphatase inhibitors. All lysates were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Proteins were detected by incubation with primary Abs, specific for phosphorylated ERK1/2, ERK1/2, phosphorylated JNK, JNK, phosphorylated GR, GR, or β-actin followed by horseradish peroxidase--linked secondary Ab. Images were obtained using an Amersham Imager 600 (GE Healthcare), and bands were quantified with ImageJ software (National Institutes of Health).

TCR repertoire analysis {#s19}
-----------------------

After mechanical dissociation of tumor tissue from anti-CTLA-4--treated mice, cells were stained with various mAbs including APC-labeled NY-ESO-1-dextramer, anti-CD3 mAb, anti-CD8 mAb, and anti-CD69 mAb. After washing, CD3^+^CD8^+^NY-ESO-1-dextramer^−^CD69^+^ (from CMS5a-NY-ESO-1--bearing mice) or CD3^+^CD8^+^CD69^+^ (from CMS5a-bearing mice) cells were sorted with FACSAria III instrument. RNA was extracted using the RNeasy Plus Micro Kit, and cDNA libraries were generated using a SMARTer Mouse TCR a/b Profiling Kit (TaKaRa Bio). Sequencing and TCR repertoire analysis were performed by TaKaRa Bio.

ELISPOT assay {#s20}
-------------

CD8^+^ T cells were purified from draining lymph nodes of mice immunized with NY-ESO-1 or CMS5a-intAg peptide using CD8 Microbeads (Miltenyi Biotec). CD90-depleted splenocytes were purified using CD90.2 Microbeads (Miltenyi Biotec). CD8^+^ T cells (10^5^ cells) were cultured for 22 h with the CD90-negative cells (2 × 10^5^ cells) pulsed with the indicated peptides in MultiScreen plate (Merck Millipore) coated with rat anti-mouse IFN-γ mAb (R4-6A2; BD Biosciences). IFN-γ spots were developed using biotinylated rat anti-mouse IFN-γ mAb (XMG1.2; BD Biosciences), streptavidin-alkaline phosphatase-conjugate (Sigma-Aldrich), and alkaline phosphatase substrate (Sigma-Aldrich), and subsequently counted.

Statistical analysis {#s21}
--------------------

Statistical differences between groups were determined with the GraphPad Prism 6 software using Student's *t* test, one-way ANOVA with post hoc Dunnett's test, or log-rank test. P values \<0.05 were considered statistically significant.

Data availability statement {#s22}
---------------------------

The data that support the findings of this study are available from the corresponding authors upon reasonable request. The microarray data have been deposited in GEO under accession no. [GSE136236](GSE136236).

Online supplemental material {#s23}
----------------------------

Fig. S1 shows the impairment of low-affinity memory T cell differentiation. Fig. S2 shows low-affinity TCR in CMS5a-intAg--specific CD8^+^ T cells. Fig. S3 shows selective impairment of FAO in low-affinity but not high-affinity memory T cells by corticosteroid treatment.
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